Enhanced nonlinear absorption and optical limiting in semiconducting polymer methanofullerene charge transfer films by Cha, M. et al.
  
 University of Groningen
Enhanced nonlinear absorption and optical limiting in semiconducting polymer
methanofullerene charge transfer films





IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.
Document Version
Publisher's PDF, also known as Version of record
Publication date:
1995
Link to publication in University of Groningen/UMCG research database
Citation for published version (APA):
Cha, M., Sariciftci, N. S., Heeger, A. J., Hummelen, J. C., & Wudl, F. (1995). Enhanced nonlinear
absorption and optical limiting in semiconducting polymer methanofullerene charge transfer films. Applied
Physics Letters, 67(26), 3850 - 3852. https://doi.org/10.1063/1.115294
Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.
Download date: 12-11-2019
Enhanced nonlinear absorption and optical limiting in semiconducting
polymer/methanofullerene charge transfer films
M. Cha,a) N. S. Sariciftci, A. J. Heeger, J. C. Hummelen,
andF. Wudl
Institute for Polymers and Organic Solids, University of California at Santa Barbara, Santa Barbara,
California 93106
~Received 5 September 1995; accepted for publication 17 October 1995!
Nonlinear optical absorption in solid films of poly~3-octylthiophene! ~P3OT! sensitized with
methanofullerene was investigated for wavelengths from 620 to 960 nm. The nonlinear absorption
is enhanced over that in either of the component materials by more than two orders of magnitude at
760 nm. The large nonlinearity results from efficient photoinduced intermolecular charge transfer
from P3OT to methanofullerene, followed by absorption in the charge separated excited state.
P3OT/fullerene films are promising as optical limiters; the transmission clamps at an average
fluence of approximately 0.1 J/cm2. The damage threshold was 15 mJ/pulse ~'1 J/cm2 in average
fluence!, above which there is a permanent change in the linear transmission. © 1995 American
Institute of Physics.When C60 or C60 derivatives are mixed with a semicon-
ducting polymer, the composite shows efficient photoinduced
charge transfer.1–5 Charge transfer and charge separation
~with electron on the C60 and hole on the conducting poly-
mer! were demonstrated by photoinduced electron spin reso-
nance, which exhibits g value labeled signatures of both the
semiconducting polymer cation and the C60 anion.1 Spectro-
scopic signatures of the C60 anion have been observed in
photoinduced absorption ~PIA! measurements.2 Subpicosec-
ond time-resolved PIA data show that charge transfer occurs
within 300 fs after photoexcitation.4,5 Since the charge trans-
fer rate is more than 1000 times faster than any competing
process, the quantum efficiency for charge separation ap-
proaches unity.1–8
In this letter, we summarize the nonlinear optical ~NLO!
absorption of P3OT/fullerene derivatives in solid films using
nanosecond laser pulses at wavelengths from 620 to 960 nm
~1.3–2.0 eV!. We find a large nonlinearity, enhanced over
that in either of the component materials by more than two
orders of magnitude at 760 nm, which results from efficient
photoinduced intermolecular charge transfer followed by ab-
sorption in the charge separated excited state. The NLO ab-
sorption of P3OT/methanofullerene blends is sufficiently
large that photoinduced charge transfer films are promising
as optical limiters ~optical surge protectors!. When pumped
at 760 nm, the transmitted energy saturates at an average
fluence of approximately 0.1 J/cm2.
The molecular structure of the soluble fullerene
derivatives,9 denoted as ~6,6! PCBCR ~phenyl-C61-butyric
acid cholesteryl ester; MW51164! is shown in Fig. 1. With
these soluble C60 derivatives, one can make homogeneous,
stable, optical quality films containing 1:1 by weight metha-
nofullerenes ~approximately one acceptor for every five re-
peat units of P3OT!.
a!Present address: Research Center for Dielectrics and Advanced Matter
Physics Pusan National University, Pusan 609-735, S. Korea.3850 Appl. Phys. Lett. 67 (26), 25 December 1995 0003-695For comparative studies, solid films were made of pure
~6,6!PCBCR, pure P3OT, and a 1:1 ~by weight! mixture.
Each material was dissolved in xylene. Thick films ~20–30
mm! for NLO absorption experiments at off-resonant wave-
lengths were cast from filtered solution onto fused silica sub-
strates. Thin films ~0.1–0.2 mm thick! for measurements near
resonance and for third harmonic generation ~THG! experi-
ments were prepared by spin coating. All samples were kept
in vacuum (;1026 Torr! during experiments to minimize
photo-oxidation.
Transmission ~T! and NLO absorption were measured
for wavelengths from 620 to 960 nm using a pulsed dye laser
pumped by the second harmonic of a Q-switched Nd:YAG
laser. The full width at half-maximum of the dye laser pulse
was 8 ns with a repetition rate of 10 Hz. At each wavelength,
the dye laser beam was loosely focused, and the sample was
translated along the optical axis ~z axis! through the focus.
The Gaussian beam radius at focus ~radius at 1/e of the maxi-
mum electric field! was estimated to be ;25 mm. To obtain
the nonlinear change in transmission ~DT/T versus Z!, all the
transmitted light was collected by a lens onto a silicon pho-
todiode ~open aperture Z scan!.10 Closed aperture Z scans
were also tried; however, nonlinear refraction could not be
observed because the nonlinear absorption was dominant.
FIG. 1. Chemical Structure of ~6,6!PCBCR ~phenyl-C61-butyric acid cho-
lesteryl ester!.1/95/67(26)/3850/3/$6.00 © 1995 American Institute of Physics
Typical Z-scan data are shown in Fig. 2~a! with the best
fit to a model based on pure two-photon absorption ~TPA!
assuming Gaussian spatial and temporal laser intensity
profiles.10 The ‘‘effective’’ TPA coefficient beff provides a
good description of the nonlinear absorption coefficient
Da~I!5beffI , where I is the intensity. The beff values ob-
tained from the fits are summarized in Table I. We found that
beff is weakly dependent on the input optical pulse energy,
decreasing slightly at higher input pulse energies; the beff in
Table I as obtained in the low input energy regime ~DT/T
,0.2!, where the values are constant within the experimental
error. At 760 nm, the NLO absorption is enhanced by more
than two orders of magnitude in the composite film over that
in the films of pure P3OT for pure ~6,6!PCBCR. This is
indeed nonlinear absorption; thermal effects ~which might be
significant for Z-scan measurements in the nanosecond re-
gime! are ruled out by the large enhancement from the blend
FIG. 2. ~a! Open aperture Z-scan data and fit with beff5140 cm/MW ~wave-
length, 760 nm, input energy, 0.2 mJ/pulse; and film thickness, 30 mm!. ~b!
Dispersion of beff ~open circles; right vertical axis! compared with the linear
absorption spectrum of a thick film of the composite ~solid curve; left ver-
tical axis!.Appl. Phys. Lett., Vol. 67, No. 26, 25 December 1995over the pure P3OT and pure ~6,6!PCBCR films. Since the
three films have nearly the same optical density at the wave-
lengths, where the measurements were carried out, heating
would be the same for the blend and for the pure film.
In Fig. 2~b!, the spectral dependence of beff for the com-
posite film is compared with the linear absorption coefficient
a of the same thick film. The relative experimental error at
each wavelength was determined either by the minimum re-
solvable DT/T or by averaging several data sets with differ-
ent input energy per pulse, whichever is larger. An absolute
error of ;20% is expected from a combination of the errors
in pulse energy and film thickness measurements, and from
deviations from Gaussian pulse profiles. The spectral depen-
dence of beff follows the absorption coefficient which de-
creases with increasing wavelength ~in the tail of the p-p*
absorption!. We observed nonlinear bleaching at 620 nm
~Table I!. This arises from the shift in oscillator strength from
the interband transition characteristic of the ground state to
the absorption from the charge transferred excited state.4–6
The NLO absorption does not arise from a Kerr-type
x (3) process. The values for beff are too large (;104 times!
compared with typical TPA coefficients obtained from simi-
lar organic systems with physically reasonable oscillator
strengths.11,12 Moreover, THG measurements of P3OT and of
the P3OT/~6,6!PCBCR composite show no enhancement of
any two-photon resonance.
We propose that the nonlinear absorption arises from
photoinduced charge transfer followed by absorption from
the charge transferred excited state. Although 760 nm is be-
low the principal p-p* absorption, there exists a small re-
sidual absorption coefficient ~;270 cm21), mainly from the
P3OT component, which is large enough to initiate the pro-
cess. We have reanalyzed the Z-scan data using this model.
The rate equation for the excited state population can be
written as follows:
FIG. 3. The dispersion of excited state absorption cross section ~s! is com-
pared with the picosecond PIA spectrum ~see Ref. 5!.TABLE I. Effective two photon absorption coefficients beff ~cm/MW! of the three films.
l~nm! 620 700 760 810 860 910 960
P3OT a 5.661 0.7660.1 1.360.1 0.860.2 0.660.3 ,0.3
PCBCR No data ,60b 0.660.1 0.360.2 ,0.2 ,0.3 ,0.3




where N5N(r ,z ,t) is the number density of charge sepa-
rated excited states generated by linear absorption with ab-
sorption coefficient a ,I5I(r ,z ,t) is the intensity of the laser
pulse at time t and coordinate ~r,z! inside the medium, \v is
the photon energy, and t is the decay time of the charge
separated excited state. The last term can be neglected since
the decay time is much longer than the optical pulse width.
To calculate the nonlinear energy transmission, the propaga-
tion equation
dI/dz52aI2sNI ~2!
was numerically solved simultaneously with Eq. ~1!, where
s is the cross section for absorption from the charge sepa-
rated excited state to a higher lying state. The second term
produces nonlinear fluence-dependent loss due to the integra-
tion of I(z) in Eq. ~1! with time.
Fitting the nonlinear absorption data to Eqs. ~1! and ~2!
gave the spectrum of the excited state cross section shown in
Fig. 3. The peak at 760 nm ~1.63 eV! indicates a resonance
in the excited state absorption.4,5 The peak cross section, s
'1.9310217 cm2, is in order of magnitude agreement with
values obtained from the picosecond photoinduced
absorption4,5 ~the Z scan would generate an average over
times less than the 8 ns pulse width! and much larger than
the linear absorption cross section as required for reverse
saturable absorption.13 The spectrum of the picosecond PIA
is shown for comparison as the solid curve in Fig. 3. The
general agreement between the magnitude and spectral de-
pendence of s as obtained indirectly from the Z-scan data
@using Eqs. ~1! and ~2!# and as obtained directly from the
PIA confirms the proposed mechanism.
Utilizing this large nonlinear absorption, optical limiting
was demonstrated; for 30 mm films, there is both a large
excited state absorption cross section and a reasonable linear
transmission ~44%! at 760 nm. The composite film was
brought to the focus found from Z-scan measurements, and
the input pulse energy was varied by rotating a polarizer
between two fixed polarizers. The data are plotted in Fig. 4.
The limiting function of the P3OT/@6,6#PCBCR blend is
clearly established; at 5 mJ/pulse ~0.3 J/cm2 average fluence!
the transmission is reduced to half of the linear transmission.
Saturation occurs at Eout,2 mJ/pulse('0.1 J/cm2) for
higher inputs.
The measured Eout is somewhat greater than that pre-
dicted using Eqs. ~1! and ~2! ~solid curve in Fig. 4! due to the
weak intensity dependence of beff . The origin of such an
intensity dependence can be a higher order negative nonlin-
earity, possibly nonlinear bleaching due to the thermochro-
mic effect in P3OT.14 The damage threshold was around 15
mJ/pulse (;1 J/cm2 in average fluence!, above which there
is a permanent change in the linear transmission.
Although materials containing C60 have been demon-
strated as optical limiters, most were in the form of
solutions.15–22 Comparable optical limiting was reported for
thick layers ~each several millimeters thick! of C60 in poly-
methyl methacrylate when pumped on resonance at 532
nm.233852 Appl. Phys. Lett., Vol. 67, No. 26, 25 December 1995This research was supported by the U. S. Air Force Of-
fice of Scientific Research under AFOSR93-1-0191 ~Dr.
Charles Lee, Program Officer!.
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